Several yield monitors are available for use on cotton harvesters, but none are able to maintain yield measurement accuracy across cultivars and field conditions that vary spatially and/or temporally. Thus, the utility of yield monitors as tools for on-farm research is limited unless steps are taken to calibrate the systems as cultivars and conditions change. This technical note details the electronic system design for a harvester-based yield monitor calibration system for basket-type cotton strippers. The system was based upon the use of pressure sensors to measure the weight of the basket by monitoring the static pressure in the hydraulic lift cylinder circuit. To ensure accurate weighing, the system automatically lifted the basket to a target lift height, allowed the basket time to settle, then weighed the contents of the basket. The software running the system was split into two parts that were run on an embedded low-level micro-controller and a mobile computer located in the harvester cab. The system was field tested under commercial conditions and found to measure basket load weights within 2.5% of the reference scale. As such, the system was proven to be capable of providing an on-board auto-correction to a yield monitor for use in multi-variety field trials.
Introduction and Overview of the Research and Results of System Performance
Several yield monitors are available for use on cotton harvesters, but none are able to maintain yield measurement accuracy across cultivars and field conditions that vary spatially and/or temporally. Thus, the utility of yield monitors as tools for on-farm research is limited unless steps are taken to calibrate the systems as cultivars and conditions change. This technical note details the electronic design for a harvester-based yield monitor calibration system for basket-type cotton strippers and is one of three technical notes that are in support of a master research paper covering the development and design of the calibration system. This technical note is presented, along with requisite supporting electronic design files, for the purpose of transferring the technology to the research community and general public. In addition to the design files, the technical notes provide documentation describing key strategies and methodology utilized in the design as well as a background summary of the research.
In the process of evaluating the effects of production inputs and practices on crop yield and farm revenue, large-scale field experiments are needed to investigate the treatment effects across varying field conditions. Normally, these investigations require the use of additional labor and expensive ancillary equipment to weigh the crop harvested from a given area. The time required to collect this data reduces harvest productivity and efficiency. In order to reduce the dependence on ancillary equipment and labor, and increase the efficiency of data collection, yield monitors used on grain combines have proven to be reliable tools in on-farm research efforts due to their consistent accuracy and lack of need for variety-specific calibration. However, yield monitors used on cotton harvesters do valves on the lift cylinder circuit to isolate the static pressure in the lift cylinders and recorded the pressure after a brief stabilization period (2 sec). A 22-bit analog-to-digital converter was used to capture the pressure transducer analog signal, with help from custom-designed circuitry to minimize the influence of electrical noise and improve accuracy, the design being described herein. A serial communication protocol was implemented between the embedded micro-controller software [19] and the human machine interface (HMI) software [20] , that was written as a part of this development, was setup to run on a mobile computer in the harvester cab. The HMI software [20] was programmed to calculate and display the weight of cotton in the basket using the pressure measured in the lift cylinder circuit and the initial calibration model. GPS position data was collected from a Greenstar 3000 receiver (John Deere, Moline, IL, USA) on the harvester and processed by the HMI software [20] , which used the GPS position data along with user input of harvester width to calculate the area from which the cotton in the basket was harvested. Seed cotton yield was calculated using the measured cotton weight and harvested area. Cotton ownership information (client, farm, and field) and machine header width (number and spacing of harvesting units) were recorded by the HMI software for each load measured.
The harvester-based yield monitor calibration system was field tested under commercial conditions on four producer-owned and operated cotton strippers. Weight measurement accuracy observed for the system during field testing was characterized by RMSE between 1.7% and 2.3% of the span. Thus, it was concluded that the on-harvester calibration system would provide producers and researchers an accurate tool for use in (1) conducting on-farm research in which total plot yield is the evaluation metric, and (2) in calibrating cotton yield monitors without the need for costly and labor-intensive mobile scale systems. The objective of this article is to describe the design of the main portion of the electronics that when coupled with vehicle spike protection circuitry [21] form the data-acquisition and control sub-system that is driven by embedded micro-controller software [19] and interfaced to by custom human-machine interfacing software [20] that, altogether, in combination form the cotton harvester yield monitor calibration system. All of the electronic design files are included with this technical notes in the supplemental compressed zip file (Supplementary Materials) and is available on the MDPI web-site where this paper is located.
Electronic Design
One of the difficulties in placing electronic instrumentation on farm equipment lies in creating robust systems that can handle the wide environmental temperature swings, dust, moisture, and severe vibrations. To mitigate the dust and moisture issues, the electronic design was optimized so that it could be reduced to a single printed circuit board (PCB) that would fit into a hermetically sealed housing. The circuit design also provided the following features:
•
The voltage protection circuit from the vehicular noise and potential high-voltage load-dumps; • Cascaded linear voltage regulation stages that increasingly reduce the noise to ensure accurate measurements are obtained by the sensitive precision analog weighing electronics; • Micro-controller and communication circuits; • Relay drivers to allow for micro-controller to perform feedback control to position the basket for precision weighing; • Optical isolation of the hydraulic solenoid relay drivers; • Noise isolation between the digital micro-controller and the analog conversion subsections, to ensure the analog sections remain noise-free; and • An RS232 serial level shifter for robust serial communication from the remotely-mounted weigh system electronics and the client industrial computer. Figure 1 shows a picture of the complete system embedded onto a single PCB. Of note is that the PCB design splits the power planes to provide isolation and noise immunity to the sensitive analog subsection. This can be seen in Figure 1 , where the arrow points out the separation between the copper flood-fills (red layer) that form the voltage power planes on the top side of the PCB. Specifically, in AgriEngineering 2019, 1 526 section A, the top copper-filled areas (red layer) form the analog 3.3 V power rail and, in section B, the copper-filled areas provides the digital 3.3 V power rail. Section C has no copper-filled power plane due to the density of the component placement.
AgriEngineering 2019, 2 FOR PEER REVIEW 4 in section B, the copper-filled areas provides the digital 3.3 V power rail. Section C has no copperfilled power plane due to the density of the component placement. Figure 1 . The printed circuit artwork for a vehicular load-dump spike-resistant hydraulic controller and precision 22-bit analog-to-digital converter that forms the heart of the cotton harvester's basket weighing system. Section A is the analog sub-section, section B is the digital microcontroller section and section C is the power regulation and output solenoid drivers. The air points to the separation of the ground plane that provides isolation for the sensitive analog section from the noise in the digital section. Figure 2 shows a picture of the final two-layer produced PCB for the complete system that was embedded onto a single PCB.
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The following sections go into the pertinent details for each of the system's subsections.
Voltage Regulation and Vehicular Voltage Spike Protection
Successful data acquisition on mobile platforms, such as tractors, requires the provision of protection for sensitive electronics, as these platforms are inherently rife with electrical transients that have enough energy to cause damage to unprotected instrumentation. Unfortunately, while there are many protection options for industrial applications (i.e., those installed at 120 VAC), off-the-shelf products for mobile protection are extremely limited and, after a survey of commercial offerings [21] , it was determined that all of the commercial offerings failed to provide sufficient protection. To address this critical requirement, to provide protection against the numerous high-voltage transient spikes coming through the harvester's power supply, the system utilized a two-stage protection configuration:
•
Stage 1: An off-board load dump protection circuit (LDPC) (Pelletier et al., 2019) [21] was mounted between the harvester's battery and the prototype electronic weighing system; and • Stage 2: An on-board PCB-located secondary voltage spike rejection circuit (VSRC) was designed into the front end of the electrical design.
Use of only stage 1 would provide sufficient protection from damaging levels, sourced from the harvester's voltage spikes. Stage 1 noise rejection is not adequate to fully reject the voltage spikes, which can then find their way into the sensitive analog instrumentation section and lead to significant measurement errors. Stage 2 provides an additional layer of spike rejection to help ensure that the highest accuracy is obtained in the analog instrumentation section. These spike rejection circuits are located in region C, as detailed in Figure 1 . The following sections go into the pertinent details for each of the system's subsections.
Voltage Regulation and Vehicular Voltage Spike Protection
• Stage 1: An off-board load dump protection circuit (LDPC) (Pelletier et al., 2019) [21] was mounted between the harvester's battery and the prototype electronic weighing system; and • Stage 2: An on-board PCB-located secondary voltage spike rejection circuit (VSRC) was designed into the front end of the electrical design.
Use of only stage 1 would provide sufficient protection from damaging levels, sourced from the harvester's voltage spikes. Stage 1 noise rejection is not adequate to fully reject the voltage spikes, which can then find their way into the sensitive analog instrumentation section and lead to significant measurement errors. Stage 2 provides an additional layer of spike rejection to help ensure that the highest accuracy is obtained in the analog instrumentation section. These spike rejection circuits are located in region C, as detailed in Figure 1 .
The harvester's voltage input to the electronic weighing system occurs through the off-board LDPC, which is then fed to the VSRC via the VBATT input pin of the electronic weighing system, (VBATT is defined in the circuit shown in Figure 3 ). The first line of defense against voltage spikes is an automotive-rated varistor, labeled AUML1 in Figure 3 with the corresponding part number V18AUMLA2220H (Littlefuse, Chicago, IL, USA). Corresponding component values for the schematic shown in Figure 3 are detailed in Table 1 . The AUML varistor provides 50 joules of load dump protection to the system and provides the additional protection to the circuit by clipping any high-speed voltage input spikes to no more than 40 V. The next component in the protection chain F8, a resettable fuse, which helps protect against longer-duration load dump spikes. Next in the chain is a set of voltage spike rejection inductors that are placed to block spikes on both the power and ground rails leading into the first stage linear voltage regulator, VREG3. This first-stage regulator was designed around the a linear voltage regulator chip, LM2940 (Texas Instruments, Austin, TX, USA), as it is rated for vehicular applications and provides protection against reverse battery jumps and is rated for an absolute maximum voltage input to 60 V, which is well above the voltage clipping threshold provided by the AUML and the resettable fuse protector.
AgriEngineering 2019, 2 FOR PEER REVIEW 6 The harvester's voltage input to the electronic weighing system occurs through the off-board LDPC, which is then fed to the VSRC via the VBATT input pin of the electronic weighing system, (VBATT is defined in the circuit shown in Figure 3 ). The first line of defense against voltage spikes is an automotive-rated varistor, labeled AUML1 in Figure 3 with the corresponding part number V18AUMLA2220H (Littlefuse, Chicago, IL, USA). Corresponding component values for the schematic shown in Figure 3 are detailed in Table 1 . The AUML varistor provides 50 joules of load dump protection to the system and provides the additional protection to the circuit by clipping any high-speed voltage input spikes to no more than 40 V. The next component in the protection chain F8, a resettable fuse, which helps protect against longer-duration load dump spikes. Next in the chain is a set of voltage spike rejection inductors that are placed to block spikes on both the power and ground rails leading into the first stage linear voltage regulator, VREG3. This first-stage regulator was designed around the a linear voltage regulator chip, LM2940 (Texas Instruments, Austin, TX, USA), as it is rated for vehicular applications and provides protection against reverse battery jumps and is rated for an absolute maximum voltage input to 60 V, which is well above the voltage clipping threshold provided by the AUML and the resettable fuse protector. Figure 3 . The schematic for a vehicular load-dump spike-resistant interface between the harvester's high-voltage, high-noise 12 Volt-Direct-Current, VDC, power to the systems low-noise linear regulator that was used to convert from the harvester's 12 VDC power to the system's first voltage regulation 11.5 VDC stage. Component values for this figure provided in Table 1 . As the AUML and LM2940 were not likely to remove all the voltage noise spikes, transient voltage suppression diodes (TVS) were also added to the design to help further reduce any fasttransient noise spikes (see Figure 4 ). The schematic for a vehicular load-dump spike-resistant interface between the harvester's high-voltage, high-noise 12 Volt-Direct-Current, VDC, power to the systems low-noise linear regulator that was used to convert from the harvester's 12 VDC power to the system's first voltage regulation 11.5 VDC stage. Component values for this figure provided in Table 1 . Table 1 . This table holds the components utilized in the schematic detailed in Figure 3 . As the AUML and LM2940 were not likely to remove all the voltage noise spikes, transient voltage suppression diodes (TVS) were also added to the design to help further reduce any fast-transient noise spikes (see Figure 4 ).
Qty
Following the first stage voltage regulation, provided by the LM2940, is a pair of very low-noise precision linear voltage regulators, ADP7104 (Analog Devices, Norwood, MA, USA). The first ADP7104, Figure 4 , provides voltage to the 5 V rails which powers a second ADP7104 (see Figure 5 ) that provides 3.3 V power to the micro-controller. Corresponding component values for the schematics shown in Figures 4 and 5 are detailed in Tables 2 and 3 . This cascaded series of precision linear voltage regulators helps to isolate the digital section from the analog section, which is powered by the first ADP7104, Figure 4 . The first ADP7104 also provides voltage to a third-stage set of high precision voltage regulators, shown in Figure 6 , that are specifically designed for sensitive analog circuitry. Each layer of linear voltage regulation provides an additional layer of filtering and protection from errant vehicular voltage spikes. The ADP7104 was selected as it is rated to provide up to 500 mA with input voltage to 20 V. The primary feature of interest for this selection was the low-noise design of this integrated-circuit, IC, which has a noise floor that is rated at only 15 µV with a very low drop-out voltage of only 350 mV. Another advantage of this design is the voltage line regulation is within 0.015% and the current load regulation is within 0.2%. It also features a built-in thermal shut-down feature which is helpful when developing and designing prototypes. As the design required unique output voltages, an adjustable version was selected for the first ADP7104, Figure 4 .
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Analog Voltage Subsection
As noted in the previous section, the regulated voltage is provided to the analog subsection by a pair of very low-noise precision high-accuracy voltage reference sources, ADR453x (Analog Devices, Norwood, MA, USA). The ADR453x series of voltage references provides both exceptional voltage accuracy and stability. They feature one of the lowest noise specifications (1 µVpp) that were currently available for a linear voltage regulator at the time of this design. This pair of voltage references (ADR4520, ADR4533), which are detailed in Figure 6 , were used to provide the two voltage rails that the analog circuitry requires (2.05 V and 3.3 V). Corresponding component values for the schematic shown in Figure 6 are detailed in Table 4 . The 3.3 V voltage reference supplies power to all the analog ICs and the 2.05 V reference supplies the mid-voltage rail to the instrumentation bridge amplifier which was provided to allow for single-supply operation of the bridge amplifiers and the subsequent analog filters. Table 3 . List of the components utilized in the schematic detailed in Figure 5 . As the second ADP7104 provides a standard 3.3 V to the digital section, the circuit uses a fixed voltage output version of this chip, Figure 5 .
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As noted in the previous section, the regulated voltage is provided to the analog subsection by a pair of very low-noise precision high-accuracy voltage reference sources, ADR453x (Analog Devices, Norwood, MA, USA). The ADR453x series of voltage references provides both exceptional voltage accuracy and stability. They feature one of the lowest noise specifications (1 µVpp) that were currently available for a linear voltage regulator at the time of this design. This pair of voltage references (ADR4520, ADR4533), which are detailed in Figure 6 , were used to provide the two voltage rails that the analog circuitry requires (2.05 V and 3.3 V). Corresponding component values for the schematic shown in Figure 6 are detailed in Table 4 . The 3.3 V voltage reference supplies power to all the analog ICs and the 2.05 V reference supplies the mid-voltage rail to the instrumentation bridge amplifier which was provided to allow for single-supply operation of the bridge amplifiers and the subsequent analog filters. Table 4 . Table 4 . List of the components utilized in the schematic detailed in Figure 6 . The next protection layer in the design protects the sensitive analog instrument via a set of split power planes that are fed through an LC filter to help reject any voltage spikes generated by the Table 4 . Table 4 . List of the components utilized in the schematic detailed in Figure 6 . The next protection layer in the design protects the sensitive analog instrument via a set of split power planes that are fed through an LC filter to help reject any voltage spikes generated by the digital sub-systems of the electronic weighing system. Figure 7 shows the input to the analog voltage reference section where the 5.5 V is brought in through noise rejection inductors and capacitors. Corresponding component values for the schematic shown in Figure 7 are detailed in Table 5 .
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AgriEngineering 2019, 2 FOR PEER REVIEW 9 digital sub-systems of the electronic weighing system. Figure 7 shows the input to the analog voltage reference section where the 5.5 V is brought in through noise rejection inductors and capacitors.
Corresponding component values for the schematic shown in Figure 7 are detailed in Table 5 . Figure 7 . The schematic of the LC filters that were used to help isolate the analog plane from the rest of the digital circuits on the printed circuit board. Component values for this figure provided in Table  5 . Table 5 . This table holds the components utilized in the schematic detailed in Figure 7 . To provide the highest quality capture of the weighing system's pressure sensors, a precision single-supply bridge amplifier was utilized (see Figure 8 ) (AD8226; Analog Devices, Norwood, MA, USA) to convert the differential mV signal from the pressure sensor into a high 1 Vpp signal to the filtering stages. Corresponding component values for the schematic shown in Figure 8 are detailed in Table 6 . The 3.3 V voltage rail (labeled AN_5V5 in Figure 8 ) supplies power to the bridge amplifier as well as all the other analog filters, the analog-to-digital converter IC, and the 2.05 V voltage reference. Figure 8 . The schematic of the bridge amplifier that is connected directly to the bridge-style pressure sensor. Component values for this figure are provided in Table 6 . Table 6 . List of the components utilized in the schematic detailed in Figure 8 . Table 5 . Table 5 . This table holds the components utilized in the schematic detailed in Figure 7 . To provide the highest quality capture of the weighing system's pressure sensors, a precision single-supply bridge amplifier was utilized (see Figure 8 ) (AD8226; Analog Devices, Norwood, MA, USA) to convert the differential mV signal from the pressure sensor into a high 1 Vpp signal to the filtering stages. Corresponding component values for the schematic shown in Figure 8 are detailed in Table 6 . The 3.3 V voltage rail (labeled AN_5V5 in Figure 8 ) supplies power to the bridge amplifier as well as all the other analog filters, the analog-to-digital converter IC, and the 2.05 V voltage reference.
Corresponding component values for the schematic shown in Figure 7 are detailed in Table 5 . Figure 7 . The schematic of the LC filters that were used to help isolate the analog plane from the rest of the digital circuits on the printed circuit board. Component values for this figure provided in Table  5 . Table 5 . This table holds the components utilized in the schematic detailed in Figure 7 . To provide the highest quality capture of the weighing system's pressure sensors, a precision single-supply bridge amplifier was utilized (see Figure 8 ) (AD8226; Analog Devices, Norwood, MA, USA) to convert the differential mV signal from the pressure sensor into a high 1 Vpp signal to the filtering stages. Corresponding component values for the schematic shown in Figure 8 are detailed in Table 6 . The 3.3 V voltage rail (labeled AN_5V5 in Figure 8 ) supplies power to the bridge amplifier as well as all the other analog filters, the analog-to-digital converter IC, and the 2.05 V voltage reference. Figure 8 . The schematic of the bridge amplifier that is connected directly to the bridge-style pressure sensor. Component values for this figure are provided in Table 6 . Table 6 . List of the components utilized in the schematic detailed in Figure 8 . Table 6 . Table 6 . List of the components utilized in the schematic detailed in Figure 8 . Immediately following the AD8226 bridge amplifier is a pair of unity-gain Sallen-Key low-pass filters (see Figure 9 ) that are cascaded in series, (Sallen and Key; 1955) [22] . The combined output of these filters provides a corner frequency with the design set to below 1 Hz, as the DC steady-state value is the only reading of interest to the application. Corresponding component values for the schematic shown in Figure 9 are detailed in Table 7 . Immediately following the AD8226 bridge amplifier is a pair of unity-gain Sallen-Key low-pass filters (see Figure 9 ) that are cascaded in series, (Sallen and Key; 1955) [22] . The combined output of these filters provides a corner frequency with the design set to below 1 Hz, as the DC steady-state value is the only reading of interest to the application. Corresponding component values for the schematic shown in Figure 9 are detailed in Table 7 . Figure 9 . The schematic of the two stage unity-gain Sallen-Key low-pass filters [22] that are cascaded in series, as the instrumentation section's main noise rejection filter that immediately follows the bridge amplifier section. Component values for this figure provided in Table 7 . Table 7 . List of the components utilized in the schematic detailed in Figure 9 . A spice simulation, of both stages of the filters, shows the frequency response providing rejection of noise, above 10 Hz, at greater than 80 dB (see Figure 10 ). Figure 9 . The schematic of the two stage unity-gain Sallen-Key low-pass filters [22] that are cascaded in series, as the instrumentation section's main noise rejection filter that immediately follows the bridge amplifier section. Component values for this figure provided in Table 7 . Table 7 . List of the components utilized in the schematic detailed in Figure 9 . A spice simulation, of both stages of the filters, shows the frequency response providing rejection of noise, above 10 Hz, at greater than 80 dB (see Figure 10 ). Immediately following the AD8226 bridge amplifier is a pair of unity-gain Sallen-Key low-pass filters (see Figure 9 ) that are cascaded in series, (Sallen and Key; 1955) [22] . The combined output of these filters provides a corner frequency with the design set to below 1 Hz, as the DC steady-state value is the only reading of interest to the application. Corresponding component values for the schematic shown in Figure 9 are detailed in Table 7 . Figure 9 . The schematic of the two stage unity-gain Sallen-Key low-pass filters [22] that are cascaded in series, as the instrumentation section's main noise rejection filter that immediately follows the bridge amplifier section. Component values for this figure provided in Table 7 . Table 7 . List of the components utilized in the schematic detailed in Figure 9 . A spice simulation, of both stages of the filters, shows the frequency response providing rejection of noise, above 10 Hz, at greater than 80 dB (see Figure 10 ). Figure 10 . Filter response that achieved greater than 80 dB noise-rejection roll-off for the frequency response of both stages of this filter as configured per the schematic in Figure 9 .
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The analog filters are then routed to the input of the 22-bit analog-to-digital converter (ADC), which digitizes the analog signal for the micro-controller (see Figure 11 ). The interface to the micro-controller is via a synchronous serial interface (SPI).
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The analog filters are then routed to the input of the 22-bit analog-to-digital converter (ADC), which digitizes the analog signal for the micro-controller (see Figure 11 ). The interface to the microcontroller is via a synchronous serial interface (SPI). Figure 11 . The schematic design for the 22-bit analog-to-digital converter, MCP3553, that is used as the final section of the analog subsection. Component values for this figure provided in Table 8 .
Corresponding component values for the schematic shown in Figure 11 are detailed in Table 8 . Table 8 . List of the components utilized in the schematic detailed in Figure 11 . 
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Digital Subsection
The digital section of the electronic weighing system is comprised of a micro-controller, an RS232 voltage level-shifter, which is used to provide communication back to the industrial PC that provides the operator interface, and a set of solid-state relays. The solid-state relays selected were ones that provide optical isolation and the drive power necessary to interface to the harvester's hydraulic control valves that are used to actuate the lift cylinders on the basket during the weighing operation. Figure 12 details the RS232 voltage level shifter circuit that was used to convert the micro-controller 3.3 V level serial signals to more robust long distance transmission signaling standard, −12 V to +12 V, that is utilized in the RS232 hardware specification and design. Corresponding component values for the schematic shown in Figure 12 are detailed in Table 9 . Table 8 .
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The digital section of the electronic weighing system is comprised of a micro-controller, an RS232 voltage level-shifter, which is used to provide communication back to the industrial PC that provides the operator interface, and a set of solid-state relays. The solid-state relays selected were ones that provide optical isolation and the drive power necessary to interface to the harvester's hydraulic control valves that are used to actuate the lift cylinders on the basket during the weighing operation. Figure 12 details the RS232 voltage level shifter circuit that was used to convert the micro-controller 3.3 V level serial signals to more robust long distance transmission signaling standard, −12 V to +12 V, that is utilized in the RS232 hardware specification and design. Corresponding component values for the schematic shown in Figure 12 are detailed in Table 9 . Figure 12 . The schematic of the low-voltage serial-to-RS232 converter that was used to communicate between the micro-controller and the industrial PC in the harvester's cab that provided the operator interface. Component values for this figure are provided in Table 9 . Table 9 . List of the components utilized in the schematic detailed in Figure 12 . A high-speed 32-bit micro-controller was selected for the design due to the high-speed digital filtering and feed-back control operation desired in the design. As Microchip produces a low 28-pin count version in an easy-to-assemble surface mount form factor, a Pic32MX120F032B (Microchip, Chandler, AZ, USA) was selected for this design (see Figure 13 ). Corresponding component values for the schematic shown in Figure 13 are detailed in Table 10 . Figure 12 . The schematic of the low-voltage serial-to-RS232 converter that was used to communicate between the micro-controller and the industrial PC in the harvester's cab that provided the operator interface. Component values for this figure are provided in Table 9 . Table 9 . List of the components utilized in the schematic detailed in Figure 12 . A high-speed 32-bit micro-controller was selected for the design due to the high-speed digital filtering and feed-back control operation desired in the design. As Microchip produces a low 28-pin count version in an easy-to-assemble surface mount form factor, a Pic32MX120F032B (Microchip, Chandler, AZ, USA) was selected for this design (see Figure 13 ). Corresponding component values for the schematic shown in Figure 13 are detailed in Table 10 .
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AgriEngineering 2019, 2 FOR PEER REVIEW 12 Figure 12 . The schematic of the low-voltage serial-to-RS232 converter that was used to communicate between the micro-controller and the industrial PC in the harvester's cab that provided the operator interface. Component values for this figure are provided in Table 9 . Table 9 . List of the components utilized in the schematic detailed in Figure 12 . A high-speed 32-bit micro-controller was selected for the design due to the high-speed digital filtering and feed-back control operation desired in the design. As Microchip produces a low 28-pin count version in an easy-to-assemble surface mount form factor, a Pic32MX120F032B (Microchip, Chandler, AZ, USA) was selected for this design (see Figure 13 ). Corresponding component values for the schematic shown in Figure 13 are detailed in Table 10 . Figure 13 . The schematic of the micro-controller that provided control of the feedback control system used to lift the harvester's basket to the weigh position as well as provide the control and interface to the system's 22-bit ADC and communication back to the industrial PC in the harvester's cab which provided the operator interface. Component values for this figure are provided in Table 10 . Table 10 . List of the components utilized in the schematic detailed in Figure 13 . The interface from the 32-bit micro-controller to the hydraulic control valves was provided by using standard digital output (DO) signals through a solid-state relay that provided optical isolation from the harvester's power supply (G3VM-61; Omron, Kyoto, Japan) (see Figure 14 ). This design provided the ability to perform pulse-width modulation (PWM) control up to 1 kHz chopping frequency. In Figure 13 , PWM1 is connected to the low CMOS voltage digital output provided by the micro-controller. The high voltage side, HV_PWM1, is connected to the hydraulic control valve which is switched to a decoupled ground that is only connected to the harvester's ground and no-where else on the printed circuit board, thereby providing isolation from the harvester's noisy power. The other side of the hydraulic control valve is connected directly to harvester's 12 VDC power. In Figure 14 , PWR_GND provides a direct connection to the harvester's ground when the solid-state relay is activated by the micro-controller, which then internally connects HV_PWM1 to PWR_GND. Corresponding component values for the schematic shown in Figure 14 are detailed in Table 11 .
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Parts Part # Vendor Description/Package The interface from the 32-bit micro-controller to the hydraulic control valves was provided by using standard digital output (DO) signals through a solid-state relay that provided optical isolation from the harvester's power supply (G3VM-61; Omron, Kyoto, Japan) (see Figure 14 ). This design provided the ability to perform pulse-width modulation (PWM) control up to 1 kHz chopping frequency. In Figure 13 , PWM1 is connected to the low CMOS voltage digital output provided by the micro-controller. The high voltage side, HV_PWM1, is connected to the hydraulic control valve which is switched to a decoupled ground that is only connected to the harvester's ground and nowhere else on the printed circuit board, thereby providing isolation from the harvester's noisy power. The other side of the hydraulic control valve is connected directly to harvester's 12 VDC power. In Figure 14 , PWR_GND provides a direct connection to the harvester's ground when the solid-state relay is activated by the micro-controller, which then internally connects HV_PWM1 to PWR_GND.
Corresponding component values for the schematic shown in Figure 14 are detailed in Table 11 . Figure 14 . The schematic detail for one of the Omron solid-state relays, SSR (G3VM), that were used to drive the hydraulic solenoids that were plumbed into the tractor's basket hydraulic lift cylinders. Component values for this figure are provided in Table 11 . Table 11 . List of the components utilized in the schematic detailed in Figure 14 . Figure 14 . The schematic detail for one of the Omron solid-state relays, SSR (G3VM), that were used to drive the hydraulic solenoids that were plumbed into the tractor's basket hydraulic lift cylinders. Component values for this figure are provided in Table 11 . Table 11 . List of the components utilized in the schematic detailed in Figure 14 . The basket weighing operation utilized a hydraulic feedback control system that consisted of the 32-bit micro-controller that turned on the hydraulic solenoid that provided flow to the harvester basket's hydraulic lift cylinders. The micro-controller was designed to drive the hydraulic control valves utilizing the solid-state relay circuit (see Figure 14 ). To achieve a precision location at which to weigh the cotton, the system was configured with limit switches to provide an accurate repeatable location for the weighing operation. The system in use actuated hydraulic cylinders to lift the basket, while the micro-controller monitored a set of limit switches that were mounted at 1/3 of the lift height (see Figure 15 ). During the lift operation the micro-controller monitors the first limit switch that tells it that the basket is close to the target destination. Once the basket passes the first limit switch position, the micro-controller slows the basket speed by lowering the duty cycle on the PWM control it provides to the solid-state relay driving the hydraulic solenoid. By causing the basket to slowly approach the final target destination, the system was able to park the harvester basket at the same point to within 1 cm every weigh cycle, thereby enabling the instrumentation to obtain a high accuracy estimation of the basket's load. location for the weighing operation. The system in use actuated hydraulic cylinders to lift the basket, while the micro-controller monitored a set of limit switches that were mounted at 1/3 of the lift height (see Figure 15 ). During the lift operation the micro-controller monitors the first limit switch that tells it that the basket is close to the target destination. Once the basket passes the first limit switch position, the micro-controller slows the basket speed by lowering the duty cycle on the PWM control it provides to the solid-state relay driving the hydraulic solenoid. By causing the basket to slowly approach the final target destination, the system was able to park the harvester basket at the same point to within 1 cm every weigh cycle, thereby enabling the instrumentation to obtain a high accuracy estimation of the basket's load.
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(a) (b) Figure 15 . The mounting location of the two limit switches, inset box A in both images, that let the micro-controller know when the basket is in the weigh position. The arrow in the image (a) is pointing to the roller arm on the second, final destination, limit switch that senses when the basket passes this location and has arrived at its target weighing height. Large view (b) shows where on the harvester the limit switch is mounted.
In operation, the limit switches open when the trailing edge of the basket passes by the limit switch. The offset distance between the two limit switches allows the first limit switch to provide an early warning feature to the micro-controller to allow it to slow down before the second, final limit switch is reached.
Key details we found during testing of the system, due to the verification of the accuracy of the unit that would invariably occur during a test, prove to be flawless except for a few outliers; then came the detective work to chase down what was causing these outliers. Extensive time was spent in the laboratory to ensure it was not a sporadic software issue, electronic noise, or other glitch. In the end they were found to be of the following causes, not related to the design, but highly important to the operational use:
•
Wind during testing would sometimes blow cotton onto the ground when transferring from the harvester to the test's external instrumented weigh-wagon that was used to verify the experimentally-estimated load weights. Initially the untrained crew did not always put all of the errant cotton into the weigh-wagon. As such, this was not always fully successful until the management team put special emphasis on this aspect of the testing. This added training largely took care of this source of error.
Wind load itself was found to provide a significant bias to the readings that were solved by providing a software switch to allow for a longer integration time by which to help zero out the wind loading bias. This worked fairly well and was incorporated into the final software design.
A A Figure 15 . The mounting location of the two limit switches, inset box A in both images, that let the micro-controller know when the basket is in the weigh position. The arrow in the image (a) is pointing to the roller arm on the second, final destination, limit switch that senses when the basket passes this location and has arrived at its target weighing height. Large view (b) shows where on the harvester the limit switch is mounted.
As each trial weight was verified in the external weigh-wagon, initially the crew hand-wrote on a data-sheet the test weights. After review it was found that once in a while the numbers would be inadvertently reversed, leading to wrong values being recorded as to what was supposed to be the gold standard benchmark. This was resolved by adding a ribbon paper print-out to the scale to provide a direct readout that was true to the actual scale weights.
All of the electronics were potted in epoxy to both ruggedize the units as well as ensure they were environmentally shielded from confounding effects due to moisture and dust. This took care of most of the issues; the rest of the components were specified to provide a NEMA 6 or better water-tight housing which ensured all the components were trouble-free.
The accuracy of the electronic 22-bit ADC design resulted in electrical performance of 16 bits (if using highly shielded cables, ultra-low noise signal reference voltage sources as the signal) however, in practice, as a system there were many other sources of error that were substantially higher resulting in a system accuracy of 1%. Hence the system was over-designed in retrospect.
Conclusions
The electronic design covered in this report is part of a set of designs that, in combination, form the complete working system [19] [20] [21] that was tested and proven both on the laboratory bench as well as in the field while harvesting [17, 18] . The system was found to be stable, robust, and capable of providing high-accuracy weighing suitable for use in field trials as well as post-processing of field-trial plot data. With some minor modifications to the HMI [20] software, the system could be easily extended to dynamically correct yield monitor data as well. Future notes are planned to cover both the hydraulic circuit design as well as the software implementation (both micro-controller as well as the industrial PC operator interface code).
In summary, the system design worked well, and splitting the functionality into separate sections (HMI software as separate from the electronic control system) allowed for a modular design that was easily expandable. The electronic protection systems provided clean uninterrupted power and resulted in a robust, dependable system. This effort was the culmination of three generations in which several organizational structures were explored and, in all, this version was the most compact and easy to deal with. For the purposes of expansion, it is easy to simply add another identical electronic subsystem and interface to it via an additional serial port that is easily added via the USB bus using a USB-to-serial converter. Future work is planned to extend this system to include an optical cotton yield monitor that counts cotton bolls in the pneumatic air ducts.
Supplementary Materials:
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